Multiplexed readout of kinetic inductance bolometer arrays by Sipola, Hannu et al.
Multiplexed readout of kinetic inductance bolometer arrays
Hannu Sipolaa, Juho Luomahaaraa, Andrey Timofeeva, Leif Gro¨nberga,
Anssi Rautiainenb, Arttu Luukanenb, and Juha Hassela∗
aVTT Technical Research Centre of Finland Ltd.,
QTF Centre of Excellence, P.O. box 1000, FI-02044 VTT, Finland and
bAsqella Oy, Kutomotie 18, FI-00380 Helsinki, Finland
(Dated: July 17, 2019)
Kinetic inductance bolometer (KIB) technology is a candidate for passive sub-millimeter wave
and terahertz imaging systems. Its benefits include scalability into large 2D arrays and operation
with intermediate cryogenics in the temperature range of 5 – 10 K. We have previously demon-
strated the scalability in terms of device fabrication, optics integration, and cryogenics. In this
article, we address the last missing ingredient, the readout. The concept, serial addressed frequency
excitation (SAFE), is an alternative to full frequency-division multiplexing at microwave frequencies
conventionally used to read out kinetic inductance detectors. We introduce the concept, and analyze
the criteria of the multiplexed readout avoiding the degradation of the signal-to-noise ratio in the
presence of a thermal anti-alias filter inherent to thermal detectors. We present a practical scalable
realization of a readout system integrated into a prototype imager with 8712 detectors. This is used
for demonstrating the noise properties of the readout. Furthermore, we present practical detection
experiments with a stand-off laboratory-scale imager.
I. INTRODUCTION
Superconducting detectors have an established posi-
tion in submillimeter wave, terahertz, and far infrared
band radiometric imaging systems. The state of art in
the detector integration level is today defined by super-
conducting transition edge sensors (TESs) [1] and kinetic
inductance detectors (KIDs) [2, 3] used for the applica-
tion of astronomical imaging. Detector arrays with up to
10000 sensing elements have been demonstrated [4, 5]. A
further application of submillimeter-wave radiometry is
security screening which relies on good penetration of ra-
diation through dielectric materials, while a typical spa-
tial resolution is in the centimeter range as fundamentally
limited by diffraction [6–9]. This enables the detection
of concealed objects under the clothing. Large arrays ar-
rays are beneficial in terms of system-level figures of merit
such as spatial resolution, radiometric contrast, field of
view, and mechanical simplicity. One limiting aspect in
the scaling is the readout. For TES-based systems, es-
tablished solutions include rather involved SQUID-based
readouts using either time-domain or frequency-domain
multiplexing [10]. The readout of large KID arrays us-
ing RF or microwave frequency multiplexing typically re-
quires state-of-art high-speed digital electronics operat-
ing at gigahertz sampling rates [5, 11].
We have previously introduced the detector technology
based on kinetic inductance bolometers (KIBs) [12]. In
brief, KIBs are thermal detectors based on sensing the
change of the temperature-dependent kinetic inductance
on a thermally confined membrane that is heated by the
signal absorbed on the membrane. Compared to non-
equilibrium KIDs and TESs relying in sub-Kelvin cryo-
genics, KIBs operate in the temperature range of 5 – 10
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K. We have previously demonstrated the scalability into
kilo-pixel arrays, and performance in line with the re-
quirements of radiometric imaging of room temperature
objects [13]. In this paper, we concentrate on a readout
concept suitable for the KIB arrays.
Kinetic inductance detectors and sensors are inherently
compatible with RF or microwave multiplexing, enabling
separate resonance tuning of each sensor element with
an individual readout frequency [2, 3, 14]. The readout
is typically performed with frequency-division multiplex-
ing (FDM) addressing a number of detectors in parallel
with a frequency comb, usually at microwave frequencies.
In these approaches, the comb generation and demodu-
lation require fast digital electronics. Here we introduce
an alternative method, serial addressed frequency excita-
tion (SAFE), which substantially simplifies the readout
system. After introducing the concept, we discuss the
criteria to avoid potential multiplexing-induced degrada-
tion of the signal-to-noise ratio (SNR), and present ex-
perimental results from the KIB-readout supporting the
theory. We also describe an implementation of the elec-
tronics integrated into an imaging system, and show ra-
diometric detection results confirming the capacity of the
readout in concealed object detection.
II. THE READOUT CONCEPT
A. Basic functionality
A readout-band schematic of a KIB array with N de-
tectors corresponding to one readout channel is shown in
Fig. 1(a). For KIBs, the temperature of the i:th bolome-
ter is Ti = Tb + ∆T , where Tb is the bath (cryostat)
temperature, and ∆T depends on the radiometric signal.
This causes a shift in the inductance L (Ti) which in turn
shifts the resonant frequncy fi of the resonator formed
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2FIG. 1. (a) The readout-band electrical equivalent circuit of a KIB array corresponding to one readout channel with N detec-
tors. Each temperature-dependent inductance L (Ti) is tuned by an individual shunt capacitance Ci, leading to characteristic
resonance frequencies fi. The resonators are matched to the readout line with coupling capacitors Cci. (b) The readout band
transmission amplitude |S21| of a single readout channel with N = 132 detector elements as recorded with a vector network
analyzer. The resonant frequencies are denoted by red circles. The inset shows the temperature dependence of the inductance
L (Ti) as extracted from one resonance frequency shift. (c) A conceptual illustration of SAFE. The excitation signal vext
has time-switching frequency addressing the readout resonances fi. The excitation sequence consists of frames with duration
τF during which each detector is addressed within a time slot of length τS = τF /N . As driven through the KIB array, the
excitation tones get modulated by corresponding detector signals. The modulated signal vout = S21vext is then amplified (A)
and fed to the radio frequency (RF) port of the mixer. By using the unmodulated excitation tone as the local oscillator (LO)
the mixer intermediate frequency (IF) output port produces the demodulated signal, i.e., time-multiplexed detector signals to
be analog-to-digital (A/D) converted for post processing and image formation.
by L (Ti) and the shunt capacitance Ci. The coupling
capacitors Cci are used to match the resonator into the
readout line. In this configuration each detector within
an array is probed by an individual readout tone at or
near fi. Figure 1(b) shows measured readout band trans-
mission from one channel with N=132 detectors. The
transmission minima represent the resonances. Figure
1(c) shows a simplified schematic of SAFE. During frame
time τF all N detectors are addressed, each within time
slot τS = τF/N . After passing through the detector array,
the modulated RF signal is amplified and demodulated
down to the baseband with a mixer using the unmodu-
lated readout tone as the local oscillator. The demodu-
lation output contains the time-multiplexed detector sig-
nal, which is then analog-to-digital (A/D) converted at
the sampling rate of fS = 1/τS. In this approach, a ben-
efit is that the high-speed digital electronics is limited to
a controllable RF source with a sinusoidal output. The
digital signal processing requirements are essentially re-
duced down to the data rate of fS instead of the full
readout band.
B. Noise dynamics
The risk in SAFE is a potential degradation of the
signal-to-noise ratio (SNR) due to the limited integra-
tion time per detector which is a factor 1/N of the non-
multiplexed continuous readout, or a fully parallel read-
out. For bolometers, however, the fundamental noise
mechanism is the phonon noise [15] which is characteristi-
cally band-limited white noise. Thus, if the frame rate fF
is sufficiently faster than twice the thermal cutoff fc then,
according to the Nyquist criterion, one obtains the full
information on the baseband signal, and thus also avoids
the noise penalty due to the aliasing effects. The low-
pass thermal cutoff can be expressed as fc = 1/(2piτth).
Here the thermal time constant is τth = c/G with c the
heat capacity of the bolometer thermal volume, and G
the thermal conductivity from the volume to the ther-
mal bath. In our practical devices fc is in the range of
tens of Hz up to somewhat over 100 Hz. In Appendix A1
we analyze the generalized case also accounting for the
situation where the Nyquist criterion is not fully valid.
Consequently, the single detector integration time (or N)
has an impact on the SNR. We consider the case of an ar-
bitrary frame rate. We also account for the contribution
of a component of non-correlated wide-band white noise,
3which brings about the multiplexing penalty of N1/2 as
expressed in the root mean square (RMS) SNR.
In particular, the electronics noise needs to be ac-
counted for in typical cases. To have a criterion for the
electronics, we note that ideally the output from the de-
tector, corresponding to the phonon noise, is expressed in
voltage noise spectral density as Sv,out = (<×NEPph)2.
Here < is the voltage responsivity, and NEPph is the
phonon-noise limited noise equivalent power. This is
conveniently converted into equivalent noise tempera-
ture Te = Sv,out/(kBZ0) with kB the Boltzmann con-
stant, and Z0 the preamplifier input impedance (typically
Z0 = 50Ω). This sets the criterion for the electronics
noise temperature TN < Te, as referred to the first-stage
preamplifier input. However, the electronics noise is typ-
ically uncorrelated in the time-scales of sampling. The
corresponding noise elevation (see the last term of Eq.
(A1) ) can be formally attributed as an increase of the
effective noise temperature of the preamplifier into NTN.
Thus, the criterion of the preamplifier noise in multiplex-
ing becomes stricter, i.e., TN < Te/N . We note that in
principle the responsivity in multiplexing can be made
higher by increasing the excitation power. This is pos-
sible, as the time averaged readout power is smaller in
multiplexing as compared to the continuous readout of a
single pixel. Thus, a higher excitation level can be used
in the multiplexed readout increasing the responsivity,
and consequently the noise temperature criterion does
not necessarily strictly scale with 1/N .
A further criterion for the readout scheme to function
properly is that one needs to read out the detector sig-
nal within time slot τS. For KIBs this means recording
the readout resonator state. Thus, the prerequisite is
that the resonator is electrically sufficiently fast, i.e., the
electrical time constant τel = Qt/2pifi is shorter than
τS. Here Qt is the total quality factor of the KIB res-
onator including the intrinsic losses and those from the
coupling to the readout line [12]. We note that the cri-
terion τS > τel is equivalent to saying that the linewidth
of the readout pulse ∼ 1/τS is narrow as compared to
the linewidth of the resonance fi. This also ensures that
there will be no significant crosstalk effects between the
detectors with adjacent resonant frequencies fi±1 as the
resonances are separated by several linewidths.
III. IMPLEMENTATION
A block diagram of the electronics is shown in Fig.
2(a), along with the physical realization in Fig. 2(b).
The system PC controls the microprocessor electronics,
which is responsible of the real-time control of the read-
out sequence and A/D conversion. The microprocessor
electronics controls the channel electronics block through
serial peripheral interface (SPI) bus. In this implemen-
tation, we have one microprocessor controlling up to 13
readout channels. The channel electronics hosts the main
functionalities of the readout sequence, i.e., RF excita-
tion, RF preamplification, and demodulation. These are
illustrated in Fig. 2(c). The RF excitation is performed
by a direct digital synthesizer (DDS) chip (Analog De-
vices AD 9910) enabling the programming of the exci-
tation sequences by defining the frequency for each time
slot τS. The excitation signal first passes a digitally pro-
grammable attenuator, which defines its amplitude. Af-
ter passing through the detector array the modulated
RF signal is first amplified by a low-noise preamplifier.
Thanks to the relatively high responsivity of the KIBs,
the amplifier cascade can be entirely contained at room
temperature, with the first-stage amplifier (Mini-Circuits
PGA 103+) having a nominal noise temperature of 35 K.
The modulated RF signal is then demodulated by an IQ
mixer, generating the in-phase (I) and quadrature (Q)
baseband components. The phase components contain
the full information of the detector signal. However, for
a given operating point, a single phase component with
an optimal reference phase is sufficient for obtaining the
detector signal. To halve the number of the required A/D
channels, we have further implemented an analog sum-
ming circuit producing an output voltage proportional
to the weighted sum of the voltages corresponding to the
two phase components. As the relative weights are pro-
grammable, this process effectively corresponds to the
post-selection of the phase reference. The output of the
summing circuit contains the time-domain multiplexed
(TDM) detector signals. To ensure the optimal integra-
tion of the signal with a negligible dead time, this signal
is fed to a sample-and-hold (S/H) circuit [16] integrating
the signal across each time slot τS, and feeds the output
to the A/D converter. The digitized TDM signal is then
fed to the system PC responsible of demultiplexing and
post-processing the data.
IV. EXPERIMENTS
A. Imaging system
We present the experiments demonstrating the func-
tionality and properties of the multiplexing scheme with
the SAFE electronics integrated into a KIB-based imag-
ing system named ”LASTKID”. It is a fully staring im-
ager with 8712 detector elements, and is currently un-
der development. From the readout point of view, the
LASTKID detector array is divided into 66 readout chan-
nels with N =132 detectors in each. We note that some
previously reported experiments utilizing the KIB tech-
nology have been presented in the context of the “CON-
SORTIS” radiometer [18–20]. Here, we consider in par-
ticular the aspects of the readout with respect to the
imager performance.
To overview the detector properties related to the read-
out, the phonon-limited noise equivalent power (NEP)
is estimated as NEPph =
√
4kbT 2G from the thermal
design (G = 100 nW/K, and operating temperature
T = 6.5 K) as 15 fW/Hz1/2. The responsivity depends
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FIG. 2. (a) The electronics block diagram of the implemen-
tation of SAFE and (b) a photograph of an electronics block
installed onto ”LASTKID” imaging system. (c) The signal
flow in the channel electronics.
on the inductance nonlinearity and the quality factor as
< =√(α/G)L−1(dL/dT )Z0Qi in the limit of high intrin-
sic quality factor (Qi > Qe), where Qi and Qe are the
intrinsic and coupling quality factors, respectively [12].
We assumed here that we are observing the modulation
of the quadrature phase component of the excitation sig-
nal which provides a monotonic response with the highest
responsivity when the excitation tone frequency is chosen
as fi. The constant α relates to the excitation power, and
the stable operation requires α < 0.8. To be in the lin-
ear regime, somewhat lower value of α = 0.2 is adopted
for the estimates here. From the data of the inset of
Fig. 1b we extract the relevant measure of nonlinear-
ity L−1(dL/dT ) ≈ 0.17 1/K. The coupling quality factor
Qe to the readout line is determined by the microwave
design, i.e., by the selection of the coupling capacitors
Cci which are chosen to yield Qe between 80 and 180,
somewhat varying along the readout line. The realized
intrinsic quality factors Qi can be obtained by noting
that the readout-band transmission at a resonant mini-
mum is S21(fi) = Q/Qi, where Q = QeQi/(Qe + Qi) is
the total Q-value [12]. From the data of Fig. 1(b) we can
thus directly extract the quality factors in the range of
350 – 2000. The reponsivities < are thus estimated to be
in the range of 0.8×105 V/W – 1.8×105 V/W. The values
of NEP and < are in line with those obtained previously
for similar detectors [12, 13]. Referring to the discussion
in Section IIB, the readout electronics noise temperature
criterion TN < (< × NEP)2/(kBZ0N) falls in the range
of 16 K – 80 K, i.e., in the order of the design value of
the preamplifier TN = 35 K, but slightly below for some
detectors.
The electrical time constants τel ≈ Qe/(2pifi) yield val-
ues below 1 µs for all the detectors. In the experiments
the minimum slot time τS is 60 µs, whence the criterion
τe < τS is well satisified.
We also briefly consider the linearity of the detec-
tors. The resonant frequency shift of the i:th detec-
tor, due to the change of the detected signal ∆P , is
∆fi = G
−1(dfi/dT )∆P . With the relationship fi =
1/(2pi
√
L(Ci + Cci) this is readily written as ∆fi/fi =
−(2G)−1L−1(dL/dT )∆P . The dynamic range is approx-
imately achieved by requiring that the relative frequency
change ∆fi/fi is below the relative linewidth 1/Q of
the resonance. The linear range is thus estimated as
∆P < 2GL(dL/dT )−1/Q. With the above numerical
values this yields about ∆P <∼ 7 nW. The radiometric
power variations from room temperature objects are ex-
pected to be well below 1 nW whence the linearity is
considered sufficient.
B. Readout tuning
In a practical readout setting, a requirement is to find
the correct RF excitation parameters, in particular the
frequency and the phase reference, for each detector. The
electronics output voltage vout in a frequency sweep is
proportional to the RF transmission in analogy to Fig.
1(b), albeit corresponding to just one phase component.
To find the optimal frequency-dependent phase reference
we first sweep the excitation frequency through the read-
out band. The transmission has a sinusoidal envelope
due to the propagation delay of the excitation signal,
which is depicted in Fig. 3(a). To fix the reference
to a constant value at all frequencies, the phase refer-
ence post-selection circuit (see Fig. 2(c)) is programmed
to compensate for the delay using the phase and fre-
quency offset of the fitted envelope as the calibration.
The excitation power level determining the responsivity
was chosen in these measurements based on maximizing
the excitation level while avoiding the emergence of the
nonlinear effects due to the thermal feedback. This is
detectable by the absence of the Duffing-like bending in
the transmission characteristics [12]. Consequently, the
absolute value of the excitation was about 20 nW as re-
ferred to the input of the readout channel. The transmis-
sion measurement is repeated with the corrected variable
phase reference, and the result is plotted in Fig. 3(b).
The responsivities of the detectors are proportional as
< ∝ dvout/dL ∝ fi (dvout/df). The corresponding re-
sponsivity spectrum, i.e., the frequency derivative of the
data in Fig. 3(b) is plotted in Fig. 3(c), and the peak val-
ues are used as frequency calibration points fi. It can be
noted that the responsivities of the individual detectors
have some variation from detector to detector incident
from the slight variation of the microwave matching con-
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FIG. 3. (a) The transmission (proportional to detector output
vout) of a KIB array as recorded by SAFE readout electronics
with a constant phase reference. The sinusoidal envelope cor-
responds to the propagation delay in the system. The thick
red line is a fit to the envelope. (b) The transmission with
the rotating phase reference as calibrated from the fit of (a).
(c) The responsivities derived from the data of (b). The blue
circles indicate the maxima corresponding to the optimal fre-
quency operating points of the detectors.
ditions along the array. However, the responsivities as
recorded here agree within a factor of ∼ 2 which can be
considered tolerable.
C. Signal-to-noise ratio in multiplexing
To study the noise dynamics, we observe the effective
SNR as the function of the multiplexing ratio N . For
this end we utilize the radiometric calibration setup es-
sentially similar to that previously used by us in an earlier
prototype [13]. The signal is stemming from an aqueous
blackbody calibrator (ABC) [17] located at the optimal
standoff distance of 2.5 m as defined by the quasioptics.
The reference signal is that generated by applying an
optical chopper in front of the ABC, with the chopping
frequency of 42 Hz. The system-level SNR including the
optics losses is quantified by the noise equivalent temper-
ature difference (NETD), as SNR = ∆T/NETD, where
∆T is the temperature difference of the ABC and the
background (room temperature). The initial calibration
sweeping ∆T from room temperature up to about 40oC
in the absence of multiplexing yields NETD values be-
tween 37 mK/Hz1/2 and 60 mK/Hz1/2 for different pix-
els. In the case of multiplexing with N=114 detectors,
and frame-rate fF=146 Hz, we obtain values between 110
mK/Hz1/2 and 140 mK/Hz1/2. This implies that there
is some degradation of SNR due to the multiplexing, yet
significantly below the N1/2 worst-case limit.
To study the effects to some more detail we take a
closer look on the SNR data. It is readily observed that
the signal level stays constant in multiplexing, as ex-
pected when the signal (chopper) frequency is below the
Nyquist frequency of the sampling fF/2. Thus, it is suf-
ficient to observe the behavior of the noise. We perform
a set of measurements emulating the multiplexed noise
dynamics, i.e., by limiting the signal integration time in
post-processing to τF/N in each frame of length τF. For
verification, we test the equivalence of the emulation also
with an actual multiplexing measurement. The data is
presented in Fig. 4. We first note some nonidealities in
the system: the detector thermal cutoff is about fc = 120
Hz as measured by a separate response measurement,
whence the Nyquist criterion fF > 2fc is not exactly
valid. This currently stems from certain electronics im-
plementation issues preventing the increase of the frame
rate. The theoretical data in Fig. 4 is plotted from Eq.
(A1) by using the simulated correlated noise SBLW(0, N)
with fF /fc ≈1.2, and γ as the fitting parameter. The
extreme values of γ are from 0.03 to 0.3. We note that
we obtain the multiplexing penalties between 2.5 and 5.0
for N = 114. For reference, the theoretical value with
γ=0 is 1.6 with the given fF /fc. Yet, all measured noise
values fall clearly below the multiplexing penalty N1/2
as expected for the fully uncorrelated noise.
FIG. 4. The effective noise spectral density in the experi-
ments either emulating the noise dynamics in multiplexing,
or as obtained from an actual multiplexing experiment. The
theoretical values are from Eq. (A1) with different γ. The
worst-case noise penalty N1/2 is shown as the solid blue line.
6FIG. 5. (a) The focal plane of the LASTKID system, and (b)
a zoom-up of the detector matrix. (c) A frame of data illus-
trating the detected radiometric power from a row of detectors
presented with the post-integration time of 0.1 s. The data
is calibrated into radiometric temperature difference ∆Trad.
(d) An optical photograph of the imaging situation, where a
plastic object depicted in the inset is hidden in the pocket
of the fleece jacket. The spatial coordinate system xFOV cor-
responds to the focal plane coordinates xFP referred to the
detector matrix in (b) through the optics magnification.
D. Detection example
Figure 5 illustrates a detection experiment using the
SAFE readout. In Fig. 5(a) and (b) the focal plane with
the detector area of 100 mm x 200 mm is shown. Cur-
rently, 2/3 of the detectors are mounted. Figure 5(c)
shows a frame of data from a real-time data acquisi-
tion sequence obtained from a test scene where a person
is concealing a plastic item with a lateral dimension of
100 mm and thickness of 5 mm in his pocket (Fig. 5d).
The concealed object can be seen clearly as a notch at
the field-of-view position xFOV ≈ 0.4 m, providing con-
trast against the test person’s skin (with the test person
located at xFOV between 0.2 m and 0.7 m), and thus
demonstrating the capacity of the SAFE readout in the
concealed object detection. The data was obtained along
the line depicted in Fig. 5b, and is plotted as the effec-
tive radiometric temperature difference ∆Trad. This was
achieved by comparing the signal levels to those recorded
with the ABC in the temperature range of 27–40 oC.
V. DISCUSSION AND CONCLUSIONS
In summary, we have presented a multiplexed elec-
tronics concept and an implementation designed to read
out kinetic inductance bolometer matrices. We indicated
that the SAFE readout scheme presented here has ben-
eficial features in comparison to other concepts relying
on full FDM. In particular, the method allows a signifi-
cant simplification as compared to multiplexers relying
on high-speed digital electronics operating in the full
readout frequency band. The constraints in SAFE are
that, in order to avoid the multiplexing penalty, the de-
tector responsivity and noise properties with respect to
the sampling rate need to fulfill certain conditions which
we reviewed in the context of KIBs. Beyond this, SAFE
may be useful for the readout of other types of RF cou-
pled sensors and detectors but the detector requirements
need to be assessed for each case separately.
We discussed the criteria for avoiding the multiplexing
penalty potentially degrading the SNR. This emphasizes
the benefit of large detector arrays as an option to op-
tomechanical scanning and a limited number of detectors:
in the case of scanning the “scanning penalty” is always
analogous to the worst-case multiplexing penalty, i.e. the
RMS degradation of SNR is proportional to N1/2. In this
case N represents the number of image pixels recorded
with a single detector. We showed that this can be par-
tially or completely avoided with large arrays and the
SAFE multiplexing scheme. We also presented radio-
metric detection results from imaging systems indicat-
ing performance in practical real-time concealed object
detection, and reported working progress towards a full-
scale readout system for ∼ 9000 detectors. To date we
have demonstrated the simultaneous readout of > 500
detectors in radiometric detection.
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Appendix A: Multiplexing penalty for band-limited
white noise
To quantify the effect of the noise penalty including the
nonidealities of the readout, we first numerically generate
the band-limited white noise, and simulate the sampling
process in our multiplexing scheme. The noise is gener-
ated as a series of Gaussian distributed random numbers.
This is subjected to the first-order numerical low-pass
filter with cutoff fc to impose the band limitation. The
effect of multiplexing is simulated by dividing the time
series in frames of length τF, and integrating the signal
within each frame over a slot time τS = τF/N . The inte-
grated values form a sequence with sampling rate 1/τF,
7FIG. 6. Simulated low-frequency limit of effective root-mean-
square noise power spectral density SBLW(0, N)
1/2 for N de-
tectors multiplexed with frame rate fF. It is assumed here
that the dominant noise mechanism is band-limited white
noise with high-frequency cutoff at fc. The results are nor-
malized to the non-multiplexed case with N = 1. The dashed
line represents the worst-case scenario valid for non-correlated
noise (fc →∞) proportional to N1/2.
corresponding to the raw demultiplexed signal of a sin-
gle detector. This is Fourier transformed, and the low-
frequency limit f → 0 of the RMS value of the power
spectral density SBLW(f,N)
1/2 represents the effective
noise in the multiplexing scheme with the multiplexing
ratio of N . The result is plotted in Fig. 6 for different
frame rates fF = 1/τF.
To account for a component of uncorrelated noise
(wide-band white noise), we express the total noise spec-
tral density in the low-frequency limit as S(0, N) =
SBLW(0, N) + SW(0, N). Here, SBLW(0, N) is as ob-
tained from the simulations described above (Fig. 6), and
SW(0, N) = NSW(0, 1) represents the uncorrelated noise
suffering from the ”full” multiplexing penalty. Express-
ing the non-multiplexed ratio of the noise components as
γ = SW(0, 1)/SBLW(0, 1) we can rewrite
S(0, N)
S(0, 1)
=
1
SBLW(0,1)
SBLW(0,N)
(1 + γ)
+
1
1
γ + 1
N. (A1)
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